Effective methods for assessing visceral fat are important to investigate the role of visceral fat for the increased health risks in obesity. Techniques for direct measurement of soft tissue composition such as CT or MRI are expensive, timeconsuming or require a relatively high radiation dose. Simple anthropometric methods, such as waist-to-hip ratio, waist circumference or sagittal diameter are widely used. However, these methods cannot differentiate between visceral and subcutaneous fat and are less accurate. The aim of the present study is to investigate whether the dual-energy X-ray absorptiometry (DXA) method, possibly combined with anthropometry, offers a good alternative to CT for the prediction of visceral fat in the elderly. METHODS: Subjects were participants in the Health ABC-study, a cohort study of black and white men and women aged 70 -79, investigating the effect of weight-related health conditions on disablement. Total body fat and trunk fat were measured by DXA using a Hologic QDR 1500. A 10 mm CT scan at the L4 -L5 level was acquired to measure visceral fat and total abdominal fat. Weight, height, sagittal diameter and waist circumference were measured using standard methods. Fat in a manually defined DXA subregion (4 cm slice at the top of iliac crest) at the abdomen was calculated in a sub-group of participants (n ¼ 150; 50% male; 45.3% Afro-American=54.7% Caucasian, age 70 -79 y). This subregion, the standard trunk region and total fat were used as indicators of visceral fat. RESULTS: Total abdominal fat by DXA (subregion) was strongly correlated with total abdominal fat by CT (r ranging from 0.87 in white men to 0.98 in black women). The DXA subregion underestimated total abdominal fat by 10% compared to the CT slice. The underestimation by DXA was seen especially in people with less abdominal fat. The association of visceral fat by CT with the DXA subregion (r ¼ 0.66, 0.78, 0.79 and 0.65 for white and black men and women, respectively) was comparable with the association of the CT measure with the sagittal diameter (r ¼ 0.74, 0.70, 0.84 and 0.68). Combining DXA measurements with anthropometry gave only limited improvement for the prediction of visceral fat by CT compared to univariate models (maximal increase of r 2 4%). CONCLUSION: DXA is a good alternative to CT for predicting total abdominal fat in an elderly population. For the prediction of visceral fat the sagittal diameter, which has a practical advantage compared to DXA, is just as effective.
Introduction
The association between obesity, especially android obesity, and health risks has been recognized for many decades. In the 1940s Jean Vague already characterized android obesity, showing differences in the prevalence of diabetes and heart disease in comparison with gynoid obesity. Vague proposed that the upper body fat distribution in android obesity was a causal factor in determining the adverse health consequences of obesity and, in particular, its metabolic and cardiovascular consequences. 1 More recent studies indicate that intra-abdominal or visceral fat, especially, is strongly associated with metabolic disturbances and cardiovascular disease. 2 -4 Numerous techniques have been developed to assess visceral fat. 5 Computerized tomography (CT) has been demonstrated to be an accurate and precise technique for measuring soft tissue composition. It permits differentiation between visceral and subcutaneous fat in a cross-section of the body. 5, 6 Magnetic resonance imaging (MRI) compares well with CTmeasured fat and both techniques have a similar accuracy in comparison with chemical analysis. 7 -9 Therefore CT and MRI are both used as a gold standard for measuring visceral fat. However, both methods suffer the major drawbacks of being expensive and time-consuming. In addition, CT-scans require a relatively high radiation dose. 6 Therefore alternative ways to estimate visceral fat continue to be developed and tested.
Simple anthropometric measurements are often used as indirect measurements of visceral fat. Most widely used are waist-to-hip ratio, waist circumference, sagittal diameter and skinfold thickness. These indirect measurements cannot differentiate between visceral and subcutaneous fat, but they are more strongly correlated with visceral fat than subcutaneous fat and can therefore be used as a marker for visceral fat. 5, 10 However, several studies found that these correlations are weaker in obese or older subjects. 11 -13 The decreasing correlation is thought to reflect problems in anthropometric measurements in these populations, as these methods are subject to considerable between and within-examiner variation. 5, 14 But it may also represent factors that systematically alter the relationship between visceral and subcutaneous fat such as physical inactivity or lifetime cigarette smoking.
An alternative method for measuring total body soft tissue composition is dual-energy X-ray absorptiometry (DXA). The principle of absorptiometry is based on the exponential attenuation of X-rays at two energies as they pass through body tissues. DXA is accurate, precise and the radiation dose is minimal. 15 -17 It can provide measurements of fat, bone mineral content and fat-free soft tissue in the total body and in specifically defined regions. However, as it measures twodimensionally, DXA cannot differentiate between visceral and subcutaneous fat directly. In spite of this limitation, DXA has been used to estimate visceral fat by using the standard trunk region or by manually defining a subregion at the abdomen. These subregions correlate strongly with visceral fat 18, 19 and it is assumed that the between-and withinexaminer variation is smaller. A combination of DXA and anthropometry has been suggested to further improve the prediction of visceral fat by DXA. 20 -22 Currently, comparisons between DXA and anthropometry with CT or MRI as the gold standard are performed in small groups with a wide age range. As the interest in body composition in old age increases, and fat accumulation in the abdomen increases with age, validation studies in older age groups are becoming increasingly important.
The aims of the present study are firstly to investigate the agreement between DXA and CT for measuring total body fat at the abdominal region (visceral þ subcutaneous fat) in older men and women. Secondly, this study examines whether a DXA region would be a better marker of visceral fat compared to the generally used anthropometric measurements in this population. Finally, the study investigates whether visceral fat as measured with CT can be optimally estimated by DXA regions in combination with anthropometric measures.
Methods

Subjects
Participants in this study were enrolled in the Health and Body Composition (Health ABC) Study, a longitudinal study of 3075 non-disabled men and women aged 70 -79 y residing in Pittsburgh, PA and Memphis, TN. The population comprised 48.5% male, 41.7% African-American=58.3% Caucasian, mean age 73.9 y. Participants were recruited from a random sample of Medicare beneficiaries from a list provided by the Health Care Financing Administration. Eligibility criteria included age 70 -79, self-report of no difficulty walking a quarter of a mile and no difficulty walking up to 10 steps without resting, no difficulty with basic activities of daily living, no history of active cancer in the 3 y prior to the study, and no plan to move in the next 3 y. In a convenience sample of 150 participants, with gender and race equally distributed (the first 150 suitable HABC participants enrolled in the study), extended analyses of DXA measurements were performed, and these participants (50% male, 45.3% AfricanAmerican) were included in the present study. The experimental procedures were approved by the Human Investigation and Review Boards at the University of Pittsburgh at Pittsburgh and the University of Tennessee at Memphis. Written informed consent was obtained from all the subjects.
Anthropometry
Body weight was measured at a standard balance beam scale to the nearest 0.1 kg. Height was measured barefoot to the nearest 0.1 cm using a Harpenden stadiometer (Holtain Ltd, UK). Body mass index (BMI) was calculated as weight divided by height squared (kg=m 2 ). Abdominal sagittal diameter was measured by a Holtain -Kahn abdominal calliper (Holtain Ltd, UK). While supine, participants were asked to bend their knees to 45 angle with their feet flat on the examination table. The left and right iliac crests were marked, the lower blade of the calliper was placed under the small of the back, and the upper blade of the calliper was lowered to a mark midway between the iliac crests. Sagittal diameter, the Prediction of visceral fat by DXA MB Snijder et al distance between the abdomen and back, was measured as the distance between the blades of the calliper at the end of normal expiration. Abdominal circumference was measured with a flexible plastic tape measure to the nearest 0.1 cm at the level of the largest circumference at the end of expiration, while subjects were standing with their weight equally distributed on both feet, arms at their sides, and head facing straight forward.
Dual energy X-ray absorptiometry A total body DXA scan was performed using the pencil beam technology (QDR 1500, Hologic, Waltham, MA, USA; enhanced whole body, software version 5.71). A standard soft tissue examination includes total body and regional measurements of trunk, arms and legs to analyze body composition according to a three-compartment model including fat mass, lean tissue and bone mineral content. Besides the standard regions, a manually defined subregion was examined, which consisted of three pixels (3.96 high, the smallest subregion possible to approach the thickness of CT). The subregion was placed at the abdomen with the bottom side of the subregion on top of the iliac crests ( Figure  1 ). This subregion, the standard trunk region and total fat were used as indicators of visceral fat.
Computerized tomography
The CT scan of the abdomen was acquired in Memphis using a Somatom Plus 4 (Siemens, Erlangen, Germany) or a Picker PQ 2000S (Marconi Medical Systems, Cleveland, OH, USA), and in Pittsburgh using a 9800 Advantage (General Electric, Milwaukee, WI, USA). The scans were completed at 120 kVp, 200 -250 mA s. Slice thickness was set at 10 mm. For the scan at the abdomen at L4 -L5 level, subjects were placed in the supine position with their arms above their head and legs elevated with a cushion to reduce the curve in the back. The images were transferred to a SUN workstation (SPARCstation II, Sun Microsystems, Mountainview, CA, USA) for determination using IDL development software (RSI Systems, Boulder, CO, USA). Areas were calculated by multiplying the number of pixels of a given tissue type by the pixel area. Density values were determined by averaging the CT number (pixel density) values of the regions outlined on the images. CT numbers were defined on a Hounsfield Unit (HU) scale where 0 equals the HU of water and 7 1000 equals the HU of air. The external contours of the waist were determined using a threshhold of 7 224 HU and the external bone contours were derived at 150 HU. For each participant the determination of soft tissue type was made using the bimodal image distribution histogram resulting from the distribution numbers in adipose tissue and non-adipose soft tissue. 23 Visceral fat tissue was manually distinguished from the subcutaneous fat tissue by tracing along the fascial plane defining the internal abdominal wall.
Comparison of DXA and CT
The DXA method distinguishes between fat mass and lean mass in soft tissues, whereas the CT provides muscle tissue volume and adipose tissue volume. These methodological differences were taken into account when comparing DXA to CT. All adipose tissue volumes from the 10 mm CT slices were multiplied by 3.96 to estimate the same area used for the DXA subregion. Abdominal adipose tissue volumes were then multiplied by 0.923 to calculate adipose tissue mass (grams), where 0.923 is the assumed constant density of adipose tissue. 24 Adipose tissue by CT consists of 80% fat and a lean compartment of 20% water, proteins and minerals. 25 This lean compartment within adipose tissue is measured as lean tissue by DXA. Therefore, the lean compartment within adipose tissue was subtracted from adipose tissue by CT before comparison with DXA.
Statistical analysis
Data were analyzed stratified by gender and race using SPSS for Windows version 9.0.1 (SPSS Inc., Chicago, IL, USA). All values are expressed as mean AE s.d. To validate the DXA absolute measurements of total fat mass in the abdomen, subregions of DXA and CT scans were compared using the Student's t-test. The method of Bland and Altman 26 was used to compare DXA and CT measurements. In this method the difference between fat by CT and by DXA is plotted against the mean of CT and DXA measurements. Pearson's correlation coefficients and linear regression analysis were used to examine the association of anthropometric and DXA measurements with visceral fat by CT. Subsequently DXA was combined with one or more anthropometric measurements to improve the explained variance, using multiple linear regression with visceral fat by CT as dependent variable. Multi-colinearity between DXA measurements and anthropometric measurements was investigated by studying the tolerance and variance inflation factor (VIF). The stability of estimated parameters was not influenced by multi-colinearity.
Results
The participants' characteristics are shown in Table 1 . Two subjects were excluded because of artifacts in the DXA scans that affected the soft tissue calculation of the trunk. Men were taller and heavier with a greater sagittal diameter, waist circumference and visceral fat by CT, but women had a higher fat percentage by DXA. No differences between sexes were found for BMI and total abdominal subregion fat by DXA and total abdominal fat by CT. In men only visceral fat differed between races, with blacks having less visceral fat than whites. Black women had a higher weight, BMI, sagittal diameter, waist circumference, total body fat by DXA and abdominal fat by DXA and CT than white women. There was no difference in weight and visceral fat by CT between black and white women. In comparison with the total HABC cohort, the convenience sample was representative. Only white women in the convenience sample weighed slightly less and tended to have less abdominal fat compared to white women in the total cohort.
Validation of total abdominal fat by DXA For the validation of DXA, total abdominal subregion fat estimates were compared to CT (Table 2, Figure 2A ). The two measurements were positively associated with a correlation coefficient (r) of 0.96 (0.87 for white men, 0.97 for black men, 0.97 for white women and 0.98 for black women; all Prediction of visceral fat by DXA MB Snijder et al observed between the mean and the difference of the two methods ( Figure 2B ). Pearson correlation coefficients for this association were 7 0.33 (P ¼ 0.062) and 7 0.26 (P ¼ 0.105) for white and black men, and 7 0.31 (P ¼ 0.049) and 7 0.55 (P ¼ 0.001) for white and black women, respectively. Exclusion of outliers (defined as those subjects for whom the difference between the two methods was greater then 2 s.d.s from the mean) did not change this association. To study whether it was the obesity level causing this association we corrected for total body fat mass by DXA. After adjustment for total body fat, the negative correlations were not significant anymore (correlation coefficient 7 0.12 and 7 0.13 for white and black men, and 7 0.11 and 7 0.24 for white and black women).
Estimation of visceral fat by DXA
Pearson's correlation coefficients of DXA fat and anthropometric measurements with visceral fat measurements by CT are given in Table 3 . All DXA and anthropometric measurements were strongly correlated with visceral fat (P < 0.001). The weakest relationships were observed for body weight and, in white subjects, BMI. For white men and white and black women, the sagittal diameter had the strongest association with visceral fat. The strength of the association with DXA abdominal subregion fat was comparable to that of the anthropometric measures; for black men it was slightly stronger. Of the DXA measurements, DXA abdominal subregion fat had the strongest correlation with visceral fat in black subjects, in white subjects the DXA trunk fat correlated Regression analysis was performed to determine which measurement, or combination of measurements, was the best predictor for visceral fat by CT. Univariate models are shown in Table 4 . Models including weight, BMI and DXA total fat are not shown because of their limited association with CT visceral fat. In accordance with Table 3 , the models including sagittal diameter gave the highest explained variance in all groups (r 2 ¼ 0.553 for white men, r 2 ¼ 0.701 for white women, r 2 ¼ 0.465 for black women) except for black men, among whom the DXA abdominal subregion fat gave the highest explained variance (r 2 ¼ 0.614). Overall, the explained variance in black women was lower compared to the other groups. The DXA abdominal subregion fat and the DXA trunk fat were comparable for predicting CT visceral fat.
Multivariate models are shown in Table 5 . Because of the comparability of the results for DXA abdominal subregion fat and DXA trunk fat, only multivariate models including DXA trunk fat are shown. DXA trunk fat is a standard variable provided by the DXA software, and therefore practically easier to obtain than the abdominal subregion. Multivariate models combining DXA trunk fat with anthropometric measurements only gave limited improvement for prediction of CT visceral fat compared to the best univariate model. The largest improvement was found in white women. A combination of DXA trunk fat with sagittal diameter gave an explained variance of 0.744 compared to 0.701 when using sagittal diameter alone (increase of 4%). Overall, sagittal diameter explained slightly more than the abdominal circumference did. We also tested whether a combination of anthropometric measures would improve the prediction of CT visceral fat. A combination of sagittal diameter and abdominal circumference was not superior compared to the other univariate or multivariate models including DXA trunk fat, except in white men (r 2 ¼ 0.598; data not shown). Combining more than two variables did not improve the prediction of visceral fat significantly in any group; therefore these models are not shown.
Discussion
The results of the present study show that DXA is a good method to measure total abdominal fat in elderly men and women when a single slice CT is used as a gold standard, although DXA seems to underestimate total abdominal fat, especially in older people with less abdominal fat. This underestimation was found in both black and white subjects, in spite of differences in body composition. This study also shows that neither of the regional DXA measurements of abdominal fat (standard trunk region or manually defined abdominal slice) is superior to anthropometric measurements (waist circumference, sagittal diameter) in prediction of visceral fat by CT. A combination of DXA with anthropometry gave only limited improvement in the prediction of visceral fat by CT compared to univariate models.
Despite the higher fat percentage in women, men had a higher waist circumference and abdominal diameter in this study. This is in agreement with the greater tendency of men to accumulate excess fat in the abdominal region relative to the gluteal -femoral region. However, there was no difference in total abdominal fat between sexes. Considering the high correlation between abdominal fat measured by CT and DXA, it could be concluded that DXA measures total abdominal fat just as well as CT does. Especially in obese subjects, who are the subjects of high interest, absolute differences in abdominal fat between DXA and CT were small. When the difference between the two measurements was plotted against the mean, a negative relationship was observed. This means that in subjects with less abdominal fat DXA underestimates the amount of total abdominal fat compared to CT, or CT overestimates the amount of total abdominal fat compared to DXA. This phenomenon has been found in other studies. Tothill et al 27 showed that a pencil beam (Hologic QDR-1000 W) underestimated total body fat and trunk fat at low degrees of phantom adiposity. Prior et al 28 found that this pencil beam underestimated percentage body fat in women with low BMI compared to a four-compartment model. However, as we used an Hologic 1500 and measured in a very different group of subjects we cannot assume that these conclusions hold for our data. There are also some other possible explanations for the discrepancy between DXA and CT. For the comparison between the two methods several assumptions were made. First, it was assumed that 80% of adipose tissue measured by CT consists of fat. 25 This percentage is based on several references representing a wide range of values for the fat content of adipose tissue (62 -91%). Whether this variation is caused by differences between races or by changes in age or obesity level is not known, although some studies have suggested that the fraction of lipid in adipose tissue varies with obesity level. 29 The variation might also reflect differences in fat content (and proportion) between subcutaneous and visceral adipose tissue. This has not been studied yet. Secondly, 0.923 g=ml is the assumed constant density of adipose tissue. 24 The literature reveals a considerable range of reported densities. It is not known whether these differences result from technical reasons (source of study tissue; handling of the tissue specimens), or whether they are due to subject factors such as age, sex, race or total body fatness, which might also influence tissue densities. Again, it is not known whether there are differences in densities between subcutaneous and visceral fat. To study the importance of the assumed fat content and fat density we performed a sensitivity analysis by varying these factors. When we compared total abdominal fat by DXA and by CT lowering the assumed fat content or density, the mean absolute difference between the two measures became smaller. For example when we lowered the fat content of CT fat to 74% (as suggested by Wang and Pierson
)
Prediction of visceral fat by DXA MB Snijder et al instead of 80%, the mean difference in total abdominal fat was 274 AE 151 g for the total group (P ¼ 0.03). However, the correlations between the mean and the difference (Bland and Altman plot) became higher ( 7 0.39 and 7 0.54 in white and black males, 7 0.54 and 7 0.72 for white and black females), indicating that individual differences between DXA and CT became bigger and depended on the abdominal obesity level. When we increased the fat content or density, the mean difference total abdominal fat became bigger and the correlations between the mean and the difference approached zero. It can be concluded from this analysis that absolute differences in abdominal fat between CT and DXA are influenced by the assumed values of densities. However, our regression analyses to predict visceral fat are not influenced by these assumed factors. Thirdly, the CT scan is located at the L4 -L5 disk space. In DXA we used the iliac crest as a reproducible landmark to locate the DXA abdominal subregion. This area was relatively free of bone and solid organs and therefore should more closely reflect the true abdominal fat without having to rely on algorithmic interpolations to compute the fat. As can be observed in Figure 1 , the DXA subregion is likely to be placed a little more cranially than the L4 -L5 disk space on same patients. Differences in the placement of the DXA vs CT scans may have caused differences in the amount of total abdominal fat because of the (convex) shape of the abdomen. In addition, the subjects' position during scanning differs for CT and DXA. For the CT scan the subjects lay their arms above their heads and their legs are elevated with a cushion, while for DXA scanning the subjects lay supine with their arms along their body and legs stretched. The last explanation could be found in the CT scan analyses. The pixels in a CT scan are classified as either adipose or non-adipose, although some may contain both tissues. In lean subjects relatively more pixels with combined tissues may be present causing potential misclassification (the socalled partial volume phenomenon 5 ). Simple anthropometric measurements have been used to estimate visceral fat. A traditional measurement to identify subjects at increased health risk due to the accumulation of visceral fat is the waist-to-hip ratio (WHR). More recently, several studies have indicated that the waist circumference is more strongly related to health risks associated with obesity than WHR and that it correlates more with visceral fat by CT. 31, 32 A relatively new anthropometric measurement to estimate visceral fat and to predict cardiovascular risks is the sagittal abdominal diameter. Kahn et al showed possible associations between the sagittal diameter and ischemic heart disease, and Pouliot et al demonstrated that the sagittal diameter predicts cardiovascular risk just as well as waist circumference. 33, 34 In a study by Turcato et al, it was shown that the waist and sagittal diameter are the anthropometric measures that are most closely related to CVD risk factors in old age. 32 It has been suggested that the assessment of the amount of visceral fat by the sagittal diameter could be improved by extraction of the subcutaneous fat layer measured by skinfold thicknesses. 35 However, these measurements are especially inaccurate in obese and older subjects, who are the subjects of interest considering their increased health risks. Our results confirm the prediction qualities of the abdominal circumference and the sagittal diameter for visceral fat by CT in older subjects. An abdominal subregion from a total body DXA scan, not subject to the methodological drawbacks of anthropometry, was not superior or could not improve the prediction of visceral fat. The variability of the abdominal DXA subregion has never been reported in the literature. However, the coefficient of variation (CV) for a similar DXA subregion at the mid-thigh, based on repeated reading of the same scan, was 4.3% for lean soft mass 36 and 7.8% for fat mass. 37 We calculated the variability of the abdominal DXA subregion based on a single reading of duplicate scans of 11 individuals aged 61 -85 y and found a CV of 3.9% for total abdominal fat (unpublished data). This variation is similar to reported CV of about 2% for abdominal circumferences in the general population, which is likely to be higher in elderly persons. 5, 14 In the HABC study CVs of 0.79% for sagittal diameter and 2.31% for abdominal circumference were found (unpublished data).
Consistent with our results, Kamel et al did not find a considerable difference between anthropometry and DXA subregions to predict visceral fat, in a group of non-obese subjects. 18 Only in women was the DXA just slightly better than anthropometry to predict visceral fat. However, the univariate correlations of DXA and anthropometric measures with visceral fat were all higher than in our study, and a combination of abdominal fat by DXA and waist to predict visceral fat gave an r 2 of 0.77 for women and 0.81 for men. Kamel did the same analysis in a group of obese subjects. 20 The correlations between visceral fat and prediction measures were about the same in women (0.75 with abdominal circumference, 0.74 with DXA subregion) and much lower in men (NS with abdominal circumference, 0.46 with DXA subregion) compared to our study. In contrast to the analysis in non-obese, DXA was just slightly better than anthropometry to predict visceral fat in men, not in women. In a study by Svendsen et al, measurements of abdominal fat by DXA explained about 80% of the variation of visceral fat, while the sagittal diameter only explained 60%. 38 Bertin et al found the opposite result: 21 in a group of very obese subjects the univariate correlations with visceral fat were highest for the sagittal diameter (0.74 in women, 0.67 in men) compared to abdominal fat mass by DXA (0.57 in women, 0.51 in men). Results from earlier studies concerning the prediction of visceral fat by DXA and anthropometry are not very consistent and seem to depend on obesity level. However, they are all conducted in small groups with very large age ranges and no study performed measurements in subjects above 70 y of age.
In conclusion, DXA is a good alternative to CT for predicting total abdominal fat in an elderly population. For the prediction of visceral fat, the sagittal diameter, which has a practical advantage compared to DXA, is just as effective. 
